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METHOD AND APPARATUS FOR NMR IMAGING 

5 Background of the Invention 

The subject invention relates to the field of Nuclear Magnetic Resonance (NMR) 
imaging. The subject method and apparatus can allow an improved signal to noise ratio and 
is particularly advantageous for application to vertical field NMR imaging. 

1 0 There are numerous examples of surface and volume coils described in the literature 

and available as commercial products. Several of these examples utilize multiple coils for 
an increased signal to noise ratio over a given field of view. In most cases, multiple coils 
examples have been applied to coil systems for use in a horizontal magnetic fields. 
Furthermore, the multiple coils are typically positioned to have no, or minimal, interaction 

1 5 with neighboring coils. 

In order to image a large field of view, a first coil can be placed at one position, and 
one or more additional coils can be placed next to the first coil. If the coils interact with each 
other, it is preferable to switch the coils on and off such that only one coil is on at a time. 
Such a coil system can be referred to as a switchable coil. If the coils are positioned relative 

20 to one another such that they have minimal, or no, interaction, the coils can be switched on 

simultaneously allowing the entire field of view to be imaged at once. Such a coil system 
can be referred to as a phased array coil. The resultant image can have the signal to noise 
ratio of a small coil and the field of view of a large coil. 

Advances in phased array coils have allowed linear coils to be positioned next to 

25 other linear coils, quadrature coils to be positioned next to other quadrature coils, and volume 

coils to be positioned next to other volume coils. In most cases, these coils have minimal 
mutual inductance and/or utilize some cancellation networks to reduce coupling. This 
concept can be applied to cover a larger area with several smaller coils. 
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U.S. Patent No. 4,825,162 (Roemer et al.) discloses the use of multiple 
noninteracting coils to acquire an NMR image. In U.S. Patent No. 4,825,162, the disclosed 
coils utilize simple linear designs that are intended to be used in a horizontal magnet system. 
These designs have no or minimal mutual inductance between the various coils, due to the 
5 relative position and/or the use of additional decoupling circuitry. However, while the goal 

of the Roemer device is to extend the field of view while preserving the signal to noise, the 
device finds limited application because two or more linear coils cannot be positioned to see 
the same field of view while preserving the signal to noise ratio. Also, since the 
minimization of mutual inductance is the first criteria for isolation, secondary methods are 

10 then used to improve the isolation further. 

U.S. Patent No. 5,394,087 (Molyneaux) discloses the use of quadrature coils 
positioned to minimize interaction between coils in order to achieve a higher signal to noise 
ratio than linear coils, while achieving a larger field of view compared to a single quadrature 
coil in horizontal field configurations. In U.S. Patent No. 5,95 1 ,474 (Matsunaga et aL), the 

15 use of similar geometries to those disclosed in U.S. Patent No. 5,951,474 is described for 

vertical field configurations. U.S. Patent No. 5,258,71 7 discloses volume coils overlapped 
in the direction of the main field to extend the field of view, while preserving the signal to 
noise of a single volume coil for horizontal configurations. A major disadvantage of the 
configuration disclosed in the Molyneaux patent, the Matsunaga, et al patent, and the Misic, 

20 et al patent is the inability to use two or more linear coils positioned to see the same field 
of view while preserving the signal to noise where only one quadrature coil sees the same 
field of view. Also, the configurations disclosed in the Molyneaux and Misic et al patents 
are designed to work primarily with horizontal fields. Although the Matsunaga et al device 
is intended for use in vertical fields, considerable coupling can occur between adjacent 

25 quadrature coils, negatively impacting the signal to noise ratio. 

U.S. Patent No. 4,766,383 (Fox et al) and U.S. Patent No. 5,185,577 (Minemura) 
describe configurations utilizing crossed ellipse coils, such that two ellipsical coils are 
positioned to be orthogonal to one another for quadrature detection. The output is then sent 
to a quadrature combiner. A major disadvantage of the configurations disclosed in the Fox 
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et al and Minemura patents is that the crossed ellipse coils are used as quadrature coils, not 
array coils, and can substantially increase the signal to noise as compared to a solenoid. 

U.S. Patent No. 5,351,688 (Jones) describes the use of solenoids in a quadrature 
fashion, where one solenoid is used for the first direction of quadrature detection and a pair 
5 of solenoids are hooked together to make a Helmholtz pair in the second direction. Again, 

the output is sent to a quadrature combine. The major disadvantage of the configuration in 
the Jones patent is that the solenoid is used with a set of solenoids that are configured as a 
Helmholtz pair and then fed into a quadrature combine. This results in no increased field of 
view and no significant increase in signal to noise due to the addition of the Helmholtz coils, 

10 as the center of the Helmholtz coils is far away from the center of the single solenoid and the 

field sensitivity drops as the square of the distance away from the center of the loop. 

U.S. PatentNo. 4,725,779 (Hyde, etal) and U.S. PatentNo. 4,721,913 (Hyde, etal) 
disclose the use of a single or multiple loop gap resonators forming linear coils. The loop 
gap resonators consist of opposite rotating current coils and planar pair coils. A significant 

15 disadvantage of the apparatus disclosed in U.S. Patent No. 4,725,779 and U.S. Patent No. 

4,721,913 is the use of a single linear coil (either opposite rotating or planar pair) with 
reduced sensitivity over a solenoid coil. U.S. PatentNo. 4,866,387 (Hyde, et al.) discloses 
an opposite rotating current loop gap resonator and a planar pair which are combined to form 
a quadrature coil. U.S. Patent No. 4,866,387 also discloses a plurality of planar pair and 

20 opposite rotating coils which are positioned adjacent to one another to form a network of 
coils. A drawback with respect to the configuration disclosed in U.S. Patent No. 4,866,387 
is the use of orthogonality for the isolation of overlapping and adjacent structures. 



Brief Summary of the Invention 
25 The subject invention pertains to a method and apparatus for Nuclear Magnetic 

Resonance (NMR) imaging. The subject method and apparatus are particularly 
advantageous with respect to the use of RF coils for receiving signals in NMR scanners. In 
a specific embodiment, the subject method and apparatus can utilize multiple coils to, for 
example, improve the signal to noise, increase the coverage area, and/or reduce the 
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acquisition time. The use of multiple smaller surface or volume coils to receive NMR 
signals from the sample can increase the signal to noise ratio compared to a larger coil that 
has the same field of view and coverage area. 

5 Brief Description of the Drawings 

Figure 1 illustrates an embodiment of the subject invention utilizing three single 

loops. 

Figure 2 illustrates an embodiment of the subject invention utilizing three series 

loops. 

10 Figure 3 illustrates an embodiment of the subject invention utilizing three parallel 

loops. 

Figure 4 illustrates an embodiment of the subject invention utilizing three loops and 
a Helmholtz pair of large loops. 

Figure 5 illustrates an embodiment of the subject invention utilizing three loops, a 
1 5 Helmholtz pair top loops, and a Helmholtz pair bottom loops. 

Figure 6 illustrates an embodiment of the subject invention utilizing three loops and 
two Helmholtz pairs side-by-side loops. 

Figure 7 illustrates an embodiment of the subject invention utilizing crossed ellipse 
loops and an independent loop. 
20 Figure 8 illustrates an embodiment of the subject invention utilizing crossed ellipse 

loops and a pair of opposite current loops. 

Figure 9 A illustrates an embodiment of the subject invention utilizing crossed ellipse 
loops and three loops. 

Figure 9B illustrates an embodiment of the subject invention utilizing crossed ellipse 
25 loops, a center loop, and an Alderman-Grant loop. 

Figure 1 0 illustrates an embodiment of a switching network for use with a three loop 
embodiment of the subject invention. 

Figure 1 1 illustrates another embodiment of a switching network for use with a three 
loop embodiment of the subject invention. 
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Figure 12 illustrates a capacitive network which can be used to cancel mutual 
inductance between a single loop and crossed ellipse loops. 

Figure 13 illustrates an embodiment of the subject invention utilizing five loops. 

Figure 14A illustrates example even symmetry field patterns down the central axis 
5 produced by various drive currents for the loop configuration shown in Figure 13. 

Figure 14B illustrates example odd symmetry field patterns down the central axis 
produced by various drive currents for the loop configuration shown in Figure 13. 

Figure 15A illustrates an embodiment of the subject invention utilizing crossed 
ellipse loops. 

10 Figure 15B illustrates a co-rotating current crossed ellipse configuration, in 

accordance with the subject invention. 

Figure 15C illustratesan opposite current crossed ellipse configuration, in accordance 
with the subject invention. 

Figure 1 6 A illustrates a two-ring coil configuration such that the diameters, position, 
15 and relative currents in the rings are adjusted such that the EMF induced in ring #1 by 

Bl Ex t.( x i) ls equal and opposite to the EMF induced in ring #2 by Bl Ext (x 2 ), where Bl Ext is 
produced by a current in an external coil. 

Figure 16B shows a plot resulting from a Biot-Savart static calculation of the x- 
component B ,-field produced by the two-ring coil configuration shown in Figure 1 6A in the 
20 X-Y plane (Z=0 cm), where the dashed lines represent three different external circular 

surface coils of different diameters and positions which have zero net flux (arrows indicate 
direction of B x -field) and are therefore isolated from the two-ring coil configuration. 



Detailed Description of the Invention 
25 The subject invention relates to a method and apparatus for Nuclear Magnetic 

Resonance (NMR) imaging. The subject method and apparatus can take advantage of the 
properties of a system utilizing a solenoid located at or near essentially zero magnetic field 
planes of other solenoid configurations, and are particularly advantageous with respect to the 
use of RF coils for receiving signals in NMR scanners. The use of multiple smaller surface 

G:\SH-APPS\MRI-1 OO.wpd/DNB/mw 



6 MRI-100 

or volume coils to receive NMR signals from the sample can increase the signal to noise ratio 
compared to a larger coil that has the same field of view and coverage area. Accordingly, 
the subject method and apparatus can utilize multiple coils to, for example, improve the 
signal to noise, increase the coverage area, and/or reduce the acquisition time. 
5 In the subject application, for ease of description, the coil configurations are often 

described in relation to the fields they would create if driven as generating coils. It is 
understood that this description, due to reciprocity between generating fields and receiving 
fields with a coil configuration, can also be descriptive of coil configurations for receiving 
magnetic fields. It is understood that a coil configuration associated with a magnetic field 

1 0 can be used for generating such magnetic field, detecting such magnetic field, or generating 

and detecting such magnetic field. In order to generate and receive, a coil configuration can, 
for example, be driven by a means for utilizing the coils for generating magnetic fields and 
then, after discontinuing the generation of the fields, a means for utilizing the coils for 
detecting can be employed for detecting magnetic fields associated with the coils. 

1 5 Accordingly, a zero-flux plane with respect to coil configuration designed for producing 

magnetic fields can be a plane in which any magnetic field would not be detected by the 
same coil configuration when used for receiving, or detecting, magnetic fields. 

In a specific embodiment of the subject invention, three coils are positioned in a 
configuration such that two outer coils are coaxial, lie in parallel planes, and are driven by 

20 currents of opposite direction. In this three coil configuration, the center coil lies in a plane 
parallel to the planes of the outer two coils and is located near an essentially zero magnetic 
flux plane produced by the outer coils. If the outer coils have essentially identical shape and 
size, and the currents in the outer coils are approximately equal, such zero magnetic flux 
plane will be approximately at the midpoint between the planes of the two outer coils. The 

25 position of this zero-flux plane with respect to the relative distance to each outer coil can be 

adjusted by changing the ratio of the magnitudes of the currents in the outer two coils. The 
shape of the zero-flux plane may change to some more complicated zero-flux contour as 
well. 
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Although the parallel, coaxial orientation of the outer coils is preferred, other 
configurations are also possible. For example, the two outer coils can be non-coaxial, but 
still lie in parallel planes. This embodiment can be useful for imaging, for example, a 
person's head when the head leans forward. In this case, the zero-flux contour may not be 
5 a plane, but a more complicated geometry. In another embodiment, the two outer coils are 

non-coaxial and do not lie in parallel planes. This embodiment can be useful for imaging, 
for example, a person's shoulder, where the non-parallel coils can better conform to the shape 
of the shoulder. In addition, although loops of the approximate same size are preferred, 
different sized loops can also be used together. 

1 0 Figure 1 shows a preferred embodiment employing three parallel loops, IB, 2B, and 

3B, of the same size and shape. In this embodiment, loops IB and 3B are approximately 
equidistant from the central loop 2B and designed such that approximately equal currents can 
flow through them in opposite directions. The central loop, 2B, can be considered a first 
channel and the other two loops IB and 3B can be considered a second channel. Although 

15 the subject invention can be utilized even when significant coupling between the two 
channels exists, preferably the coils are designed such that the coupling between the two 
channels is extremely low. Isolation circuitry can optionally be incorporated to reduce 
coupling. Advantageously, this design employing a single loop as a first channel and a pair 
of loops as a second channel can result in the pair of loops producing approximately zero 

20 magnetic flux in the plane of the single loop. 

Connections can be made between loops IB and 3B such that the loops have currents 
flowing in opposite directions. These connections can be, for example, series or parallel 
connections. Although, the solenoids shown in Figure 1 are single turns, or loops, the 
solenoids can be multiturn solenoids and can be wound as series loops or parallel loops. 

25 Figure 2 shows an embodiment utilizing series loops and Figure 3 shows an embodiment 

utilizing parallel loops. Referring to Figures 2 and 3, the connections between 4A and 6A, 
as well as 7A and 9A, may be series or parallel as long as the currents are flowing in opposite 
directions in the two loops. 
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The method and apparatus of the subject invention can also incorporate at least one 
Helmholtz pair which generates a magnetic field orthogonal to the fields produced by the 
solenoids of Figure 1. Figures 4, 5, and 6 illustrate a few examples where Helmholtz pairs 
are added to the embodiment of Figure 1. Although Figures 4, 5 and 6 illustrate the 
5 incorporation of these Helmholtz coils with a three coil embodiment, these Helmholtz coils 

can be incorporated with other embodiments of the subject invention as well, for example 
embodiment having additional coils, additional channels, different coil orientations, and/or 
different size coils. Once again, even though the loops in Figures 4, 5, and 6 are shown as 
single turns, or loops, the loops that make up a Helmholtz pair can also be multiturn 

1 0 solenoids and can be wound as series loops or parallel loops. Also, the connections between 
26 and 27, 31 and 32, 33 and 34, 37 and 40, and 38 and 39 can be series or parallel and allow 
approximately equal currents to flow in the two loops of the pair. 

Figure 4 shows an embodiment incorporating a "large loops" Helmholtz coil pair. 
Although the preferred embodiment of the large loops Helmholtz pair is shown, where the 

1 5 large static magnetic field used during NMR is oriented from bottom to top of the Figure, 

this pair can be rotated about the central axis of the cylinder formed by loops 23, 24 and 25. 
Also an additional large loop Helmholtz coil pair can be utilized if desired. For example, an 
additional large loop Helmholtz coil pair can be added to the top and bottom of the 
embodiment shown in Figure 4 such that essentially the entire cylinder formed by loops 23, 

20 24, and 25 is surrounded by the two large loop Helmholtz coil pairs. 



Figure 5 shows an embodiment which incorporates top/bottom loops. In this 
embodiment coil 31 and coil 32 form a /op coil pair and coil 33 and coil 34 form a bottom 
coil pair. Preferably, the coil pairs overlap such that mutual inductance between coil 32 and 
coil 33 and between coil 31 and coil 34 is low. Most preferably, the amount of overlap can 



25 be selected so as to achieve approximately zero mutual inductance. Additional coil pairs can 

be added and/or the coil pair(s) can be rotated with respect to the central axis of the cylinder 
formed by loops 23, 24 and 25^/ 

Figure 6 shows an embodiment of the subject invention incorporating side by side 
loops. Loops 37 and 40 forpi one loop pair and loops 38 and 39 form another. Preferably 
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the amount of overlap of side by side l^op pairs is chosen so that the mutual inductance of 
the loops is low, and, more preferably, the amount of overlap is chosen so that the mutual 
inductance is approximately zero. Additional loops can be added to one or more side by side 
pairs and/or additional side by sideipairs can be added. Again, the side by side pairs can be 

rotated with resp ect to the centra/ axis of the cylinder formed by loops 23, 24 and 25, 

Another embodiment of the subject invention incorporatesa crossed ellipse geometry 
with the three solenoid model shown in Figure 1 , an example of which is shown in Figure 
9A. The single solenoid can be removed if desired and the opposite current solenoids can 
be utilized with the crossed ellipse, as shown in Figure 8. Alternatively, the opposite current 
1 0 solenoids can be removed and the independent solenoid can be utilized with the crossed 
ellipse, as shown in Figure 7. For ease of illustration, the crossed ellipses have been drawn 
such that their "intersection" is not at the top and bottom of the cylinder. Preferably, the 
intersection of the crossed ellipses (note the ellipses do not necessarily come into electrical 
contact at this intersection) is at the top and bottom of Figures 7, 8 and 9A, where the large 
1 5 external static magnetic field is oriented from the bottom to the top of the Figures. Most 
preferably, the intersection of the crossed ellipses is at the single loop, if present. 



With respect to the embodiments shoWn in Figure 7 and Figure 9A, Figure 12 
illustrates a specific embodiment of a capaciti^e network which can be used to minimize or 
cancel mutual inductance between the single ^solenoid and the crossed ellipse. Referring to 
20 Figure 12, 10A and 10A' represent the contacts for ellipse 10B and are analogous to contacts 
14A and 14A' for ellipse 14B of Figure 9A; 12A and 12A* represent the contacts for loop 
12B and are analogous to contacts YllJLvA 17A' for loop 17B of Figure 9A; and 11A and 
11A' represent the contacts for ellipse/1 IB and are analogous to contacts ISA and ISA' for 
ellipse 15B of Figure 9 A. 
25 In a specific embodiment, the crossed ellipse/opposite rotating configuration shown 



in Figure 8 can be simplified by the superposition of the oppposite rotating mode on the 

/ 

crossed ellipse conductors as shown in Figure 15. In a specific embodiment, the two loops 
that form the opposite rotating mode in Figure 8 can be removed, and the opposite rotating 
mode can be superimposedyonto the crossed ellipse. In this embodiment, the crossed ellipse 
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configuration can support two linear orthogonal modes, one for each/oop, and a third mode 
which represents the opposite rotating mode. Alternatively, the crossed ellipse configuration 
can support two linear orthogonal modes, each a superposition of individual modes 
associated with each of the two coils. The opposite rotating mode can be isolated from the 
two linear orthogonal modes due to zero mutual inductance. Referring to Figures 8, 15B, 
and 1 5C, loop 19B can produce a first linear mode 100 of the crossed ellipse, and loop 20B 
can produce a second linear mode 101 of the crossed ellipse which is orthogonal to the first 
mode. The opposite rotating mode 103 of the crossed ellipse is shown in Figure 1 5C where 
the crossed ellipses have been broken apart in A manner to emphasize the currents for 
producing the opposite rotating mode 103. Coupling to the structure can be achieved 
through capacitive or inductive methods. If desired, the opposite rotating mode can be 
.produced on a second crossed ellipse coil pair aligned with the first coil pair. 

Referring to the embodiment of the subject invention shown in Figure 9 A, coil 17B 
can act as a solenoid around the center oythe region of interest. Coils 14B and 15B can form 
crossed ellipse coils, and coils 16B aim 18B can form an opposite rotating coil centered on 
coil 17B. The opposite rotating coil/can be isolated via symmetry from coils 17B, 14B, and 
15B. Coils 14B and 15B can be isolated from one another by , for example, having their 
axes perpendicular to each othpr. In this arrangement, Coil 17B can have strong mutual 
inductance with both coils 14B and 15B. This inductance can be isolated by using one or 
more of various techniques k&iown to those skilled in the art. The opposite rotating coil can 
have a zero flux in the centfer and improve the homogeneneity of the coverage by producing 
fields away from the cerfter. Advantageously, the embodiment of Figure 9A can produce 
excellent homogeneitydown the axis of the cylinder. 

In another embodiment of the subject invention, as shown in Figure 9B, coil pair 16B 
and 18B can be modified so as to produce an Alderman-Grant (Alderman, D.W. and Grant, 
D.M., Jo. Magnetic Resonance 36:447 [1979]) type of coil, such that coil 17B is isolated 
from the Alderman-Grant coil due to the fields of the Alderman-Grant being perpendicular 
to the fields of coil 17B. Such an Alderman-Grant coil can be achieved by adding a pair of 
conductors 30/and 31 to connect coils 16B and 18B such that conductors 30 and 31 carry the 
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same magnitude current in opposite directions. Jhz currents flowing in conductors 30 and 
31 are split when the currents enter a coil, with dne-half the magnitude of the current flowing 
in each half of the coil. For example, currenr flowing from conductor 30 flows one-half in 
each half of coil 18B to conductor31, and c&rrent flowing from conductor31 flows one-half 
in each half of coil 16B to conductor 30. An this embodiment, coils 17B and the Alderman- 
Grant coil are isolated due to their perpendicular fields and coils 14B and 15B are isolated 
from one another by, for example, having their axes perpendicular to each other. Coil 17B 
shares inductance and sample resistance with coils 14B and 15B, and the Alderman-Grant 
coil shares inductance and resistance with coil 14B and 15B. 



With respect to the embodiment shown in Figure 9A, shared resistance between coils 
17B and 14B and between coils 17B and 15B can limit the isolation. Preamplifier 
decoupling can increase the isolation to acceptable values. Also, due to the shared resistance, 
the amount of noise correlation in these channels is a consideration which should be taken 
into account. ■ — 

Figures 10 and 1 1 illustrate switching^etworks which can be utilized with respect 
to the three solenoid embodiment, for implementing a method to allow the opposite rotation 
of the loop currents in either a series oi/parallel fashion. Figure 10 shows a switching 
network for allowing the outer two com to have currents which either rotate in the same 
direction or in opposite directions. Referring to Figure 10, 1A', 2A', and 3A' connect to the 
top contacts of loops IB, 2B, andiJB of Figure 1, while 1A, 2A, and 3A connect to the 
bottom contacts. By closing switones 50 and 53, loops IB and 3B can be driven in the same 
rotation direction. By closing switches 51 and 52 and opening switches 50 and 53, loops IB 
and 3B can be driven in opposite rotation direction. 



Figure 1 1 illustrates a more generalized switching network which can allow all three 
25 coils to have currents rotating in the same direction, or allow the center coil to operate 

independently, while the two outer coil currents either rotate in the same direction or rotate 
in opposite directions. Referring to Figure 11, 1A', 2A', and 3A' connect to the top contacts 
of loops IB, 2B, and 3B of Figure 1, while 1A, 2A, and 3A connect to the bottom contacts. 
The network is driven at lead pairs 54 and 55. If switches 50 and 53 are closed, loops IB and 
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3B are driven in the same rotation direction with the center coil independent. By closing 
switch 56, loop 2B can be driven at lead pairs 55. By closing switches 60, 57, 56, 59, and 
58, with switches 50 and 53 open, all three loops IB, 2B and 3B can be driven in the same 
direction rotation so as to function as a three turn solenoid. By closing switches 51 and 52 
5 and opening switches 50 and 53, loops IB and 3B can be driven in opposite rotation 

direction. The network can also allow the three loops to operate as one loop for multiturn 
solenoid operation. The switching networks shown in Figures 10 and 1 1 can be modified 
to incorporate additional loops and/or channels as appropriate. 

The method and apparatus of the subject invention can also be extended to more than 

1 0 two channels. With respect to the three solenoid example shown in Figure 1 , the single loop 
coil can function as a first channel having even symmetry, while the two outer loop coils can 
function as a second channel having odd symmetry. In alternative embodiments, the single 
loop coil can be replaced by one of a variety of loop configurations having multiple loops 
which maintain even symmetry and, accordingly, preserve the isolation of the channels. For 

1 5 example, a configuration having multiple loops can be utilized such that loop pairs carrying 

equal currents are placed equidistant from the plane defining even and odd symmetry. For 
non-equal currents, the distance each loop is from the center plane can be adjusted such that 
the even symmetry is maintained. 

Furthermore, additional loop configurations with even symmetry can be added to 

20 create additional channels. These even modes can have an even number (including zero) 
nodes, or zero flux contours. In a specific embodiment, a third channel, having even 
symmetry and two nodes can be incorporated. Such a third channel can be configured such 
that the two nodes are positioned in the magnetic field such that the net current induced in 
the first channel, of even symmetry, is approximately zero when the third channel is driven. 

25 Advantageously, both even symmetry channels can remain isolated from the odd symmetry 

channel. Further embodiments of the subject invention can add additional even symmetry 
channels having a different number of nodes in an analogous manner where each even 
symmetry channel having a different number of nodes can be orthogonal to each of the other 
even symmetry channels. 
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Likewise, additional loop configurations with odd symmetry can be added to create 
additional channels. These odd modes can have an odd number of nodes, or zero flux 
contours. Advantageously, each odd modes having a different number of nodes can be 
orthogonal to each of the other odd modes and can be orthogonal to all even modes. 

Referring to Figure 13, five loops oriented co-axially to one another, with bilateral 
symmetry around the center loop, are shown. Bilateral symmetry means any loop on one 
side of the center loop is the same distance to the center loop as a similar loop on the other 
side of the center loop. These five coaxial loops can be used to produce five current patterns 
that have negligible mutual inductanceybetween each pair of patterns in a region of interest. 
Three of these current patterns have even symmetry, while two have odd symmetry around 
'?. the center loop. The odd symmetryroatterns are required to have zero current in the center 

0 loop, since odd symmetry of currents means that a loop on one side of center has opposite 

1ST / 

'ft rotating current to the similar loop on the other side of center. Even symmetry of current 

^ requires a loop on one side of center to have equal current in the same direction to a similar 

y 1 5 loop on the other side of cenxer. All even symmetry patterns will inherently have zero 

mutual inductance with all odd symmetry patterns. Figures 14A and 14B show example 
field patterns down the central axis of the loops which can produced by certain current 
combinations for the loop configuration shown in Figure 13. The field patterns shown in 
Figures 14A and 14B illustrate how negligible mutual inductance can be produced between 
20 various field patterns.. 



With respect to embodiments described having opposite-rotatingcurrents in a coaxial 
coil pair where the coils lie in a plane and are approximately the same size, the zero-flux 
contour typically lies between the two coils. In addition, two additional zero-flux contours 
can be considered to lie at infinity in either direction. However, if the parameters of the coil 
25 pair configuration are adjusted, one of the zero-flux contours of infinity can be brought 

toward the coil pair such that it remains outside the coil pair but is close enough to the coil 
pair to be useful with respect to the subject invention. In this case, another coil configuration 
can be placed at such zero-flux contour outside the coil pair. 
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Various embodiments illustrated in the Figures utilize coils residing in a plane. The 
subject apparatus and method are also applicable to coils not residing in a plane, where the 
subject invention can take advantage of essentially zero-flux contours which do not 
necessarily lie in a plane. By locating a coil in the zero-flux contours produced by other coil 
configurations, an independent channel can be achieved. 




*3J ST 



Referring to Figure 1 6A, an externaf coil is shown which can produce a non-uniform 
B-field at the position of a coil pair configuration. The coil pair can be adjusted such that 
the net electromagnetic force (EMF) caused by flux through the coils is zero, and, thus, net 
current is zero. In this way, the coil pair can be considered isolated from the external coil. 
By the principle of reciprocity, with such an arrangement, any B-field produced by the coil 
pair should produce a net B-flux through the external coil of zero as well. The coil pair can 
produce a B-field with a component that has a zero crossing in a plane through the external 
coil, as shown in Figure 16B. Irythis way, both positive and negative contributions to the 
total B-flux exist which cancel upon integration over said plane. This is what is referred to 
15 as a zero-flux contour. One skilled in the art will recognize that this is equivalent to saying 

that the said coil and the external coil have zero mutual inductance. 



As discussed, the subject invention can incorporate a plurality of coils such that a 
plurality of modes can be supported. For example, N loops with bilateral symmetry can 
support N-modes, corresponding to current patterns that all have zero net mutual inductive 
20 coupling to one another in a region of interest. The current patterns associated with these 

modes can be computed in a straightforward manner. As an example, the general case of 
N=5 loops, the matrix representing the inductive coupling from one mode to another can be 
written as: 
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M 42 


M 43 


L 4 


M 45 


M„ 


M 52 


M 53 


M 54 
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In general, M j j=M jj . For the special case of equivalent loops, the inductance (L) is 
identical for all loops. Additionally, Mi 2 =M 45 , M 23 =M 34 , M 14 =M 25 and M 13 =M 35 for a 
bilaterally symmetric arrangement of the five loops as shown, for example, in Figure 13. 
Therefore the inductive coupling matrix can be written: 



L 


M n 


M 13 


A/.4 


M\ 


M l2 


L 


M 23 


M 24 


M, 


M 13 


M 23 


L 


M 23 


M, 


M l4 


M 24 


M 23 


L 


M, 


M l5 


M 14 


M 13 


M n 


L 



The eigenvectors of this matrix can be computed using ordinary means. The 
eigenvectors represent vectors of the form 

' h 

h 




The five sets of current patterns corresponding to the eigenvectors are orthogonal and 
therefore have zero effective mutual inductance. It can be shown that any symmetrical 
arrangement of N equivalent loops has a coupling matrix that has non-degenerate, 
orthogonal eigenvectors and thus N current patterns that are isolated from one another. 

It should be understood that the examples and embodiments described herein are for 
illustrative purposes only and that various modifications or changes in light thereof will be 
suggested to persons skilled in the art and are to be included within the spirit and purview 
of this application. 
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